Introduction: The aim of this study was to investigate the differential expression of markers related to metabolic, mitochondrial and autophagy status in different molecular subtypes of breast cancer. Methods: Using tissue microarray sections generated from 740 cases of breast cancer, we performed immunohistochemical staining for Glut-1, CAIX, MCT4, ATP synthase, glutaminase, BNIP3, Beclin-1, LC3A, LC3B and p62. Based on the immunohistochemical expression of estrogen receptor (ER), progesterone (PR), HER2, and Ki-67 labeling index, the cases were classified into luminal A, luminal B, HER2 and triple-negative breast cancer (TNBC). We further classified metabolic phenotypes of tumors according to glycolytic status by assessing Glut-1 and CAIX expression as follows: Warburg type: tumor (glycolysis type), stroma (nonglycolysis type); reverse Warburg type: tumor (nonglycolysis type), stroma (glycolysis type); mixed type: tumor (glycolysis type), stroma (glycolysis type); and null type: tumor (nonglycolysis type), stroma (nonglycolysis type).
Introduction
The metabolism of malignant tumors is generally explained by the Warburg effect theory, which describes the metabolic shift from mitochondrial oxidative phosphorylation (OXPHOS) to glycolysis in tumors [1] . Breast cancer is known to be heterogeneous, and the interaction between tumor cells and adjacent stroma is expected to have significant roles in tumor growth and progression. This kind of complex interaction may also exist in the metabolic processes of the tumor. Previous studies suggest a unique metabolic interaction between tumor cells and the stroma of breast cancer, known as the reverse Warburg effect theory [2] [3] [4] [5] . According to this theory, reactive oxygen species (ROS), such as nitric oxide (NO), generated by tumor cells bring oxidative stress to the stromal cells, leading to mitochondrial dysfunction, autophagy (mitophagy) and increased aerobic glycolysis through hypoxia-inducible factor 1α (HIF-1α) and nuclear factor κB (NF-κB). Lactate generated by stromal cell glycolysis enters tumor cells and promotes tumor cell growth and survival through efficient generation of ATP by OXPHOS in the mitochondria. Cancerassociated fibroblasts (CAFs), stromal cells with loss of caveolin-1 expression, have been implicated in this interaction in breast cancer because loss of caveolin-1 results from increased proteolysis by autophagy [3, [5] [6] [7] . In addition to the reverse Warburg effect theory, it has been reported that certain types of tumor cells generate ATP through glycolysis as well as OXPHOS, which suggests various features of tumor metabolism [8, 9] . Proteins involved in metabolism, mitochondrial function and autophagy may be differentially expressed in both tumor and stromal cells according to the aforementioned theories. These differences are summarized in Table 1 .
Because breast cancer is heterogeneous with respect to clinical, histopathological and molecular features, several subclassifications have been investigated to stratify tumors with similar characteristics. Gene expression profiles have enabled molecular classification of tumors into luminal A, luminal B, HER2, normal breast-like and basal-like types [10] [11] [12] . Studies have also revealed differences in histological and clinical manifestation between different molecular subtypes, such as therapeutic response and prognosis. We hypothesized that the metabolic interaction between tumor cells and stroma may differ according to the molecular subtypes of breast cancer. Because there are limited studies regarding this question, the aim of our present study was designed to investigate the differential expression of markers for metabolic, mitochondrial and autophagy status in different molecular subtypes of breast cancer.
Methods

Patient selection
Patients diagnosed with invasive breast cancer treated by surgical resection during the period from January 2002 to December 2006 were included in this study. Patients who received preoperative neoadjuvant chemotherapy or hormonal treatment were excluded. This study was approved by the Institutional Review Board (IRB) of Yonsei University Severance Hospital. The IRB exempted the informed consent from patients. A breast pathologist (JSK) retrospectively reviewed the histology of all cases using hematoxylin and eosin (H&E)-stained slides. The histological grade was assessed using the Nottingham grading system [13] . Clinicopathologic parameters evaluated in each case included patient age at initial diagnosis, lymph node metastasis, tumor recurrence, distant metastasis and patient survival.
Tissue microarray
On H&E-stained slides of tumors, a representative area was selected and the corresponding spot was marked on the surface of the paraffin block. Using a biopsy needle, the selected area was punched out and a 3-mm tissue core was placed into a 6 × 5 recipient block. Tissue from the invasive tumor was then extracted. More than two tissue cores were extracted to minimize extraction bias. Each tissue core was assigned a unique tissue microarray (TMA) location number that was linked to a database containing other clinicopathologic data.
Immunohistochemistry
The antibodies used for immunohistochemistry (IHC) in this study are shown in Table 2 . Formalin-fixed, paraffinembedded (FFPE) tissue sections from the TMA were prepared for IHC. Briefly, 5-μm-thick sections were obtained using a microtome, transferred into adhesive slides and dried at 62°C for 30 min. After incubation with primary antibodies, immunodetection was performed with biotinylated anti-mouse immunoglobulin, followed by peroxidase-labeled streptavidin using a labeled streptavidin biotin kit with 3,3′-diaminobenzidine chromogen as the substrate. The primary antibody incubation step was omitted in the negative control. A positive control was included for each experiment: glucose transporter 1 (Glut-1): esophageal carcinoma; carbonic anhydrase IX (CAIX): renal carcinoma; monocarboxylate transporter 4 (MCT4): BCL2/ adenovirus E1B 19-kDa interacting protein 3 (BNIP3), kidney tissue; Beclin-1: breast tissue; microtubule-associated protein 1 light chain 3α (LC3A): brain tissue; microtubuleassociated protein 1 light chain 3β (LC3B): brain tissue, p62: spleen tissue; ATP synthase: heart tissue; and glutaminase: liver tissue. Slides were counterstained with Harris hematoxylin.
Interpretation of immunohistochemical staining
All immunohistochemical markers were assessed by light microscopy. Pathologic parameters such as ER, PR and HER2 expression were obtained from each patient's pathologic report. A cutoff value of 1% or more positively stained nuclei was used to define ER and PR positivity [14] . HER2 staining was analyzed according to the American Society of Clinical Oncology (ASCO)/College of American Pathologists (CAP) guidelines using the following categories: 0 = no immunostaining; 1+ = weak, incomplete membranous staining, less than 10% of tumor cells; 2+ = complete membranous staining, either uniform or weak in at least 10% of tumor cells; and 3+ = uniform intense membranous staining in at least 30% of tumor cells [15] . HER2 immunostaining was considered positive when strong (3+) membranous staining was observed, whereas cases with 0 to 1+ were regarded as negative. Cases showing 2+ HER2 expression were evaluated for HER2 amplification by fluorescence in situ hybridization (FISH). Glut-1, CAIX, BNIP3, MCT4, Beclin-1, LC3A, LC3B and p62 immunohistochemical staining was evaluated on the basis of the proportion of stained cells and immunostaining intensity. The proportion of stained cells was graded 0 (negative), 1 (less than 30% positive) or 2 (more than 30% positive). Immunostaining intensity was graded as 0 (negative), 1 (weak), 2 (moderate) or 3 (strong). The scores for the proportion of stained cells and staining intensity were multiplied to provide a total score: negative (0 or 1) or positive (2 through 6). Ki-67 labeling indices (LIs) were scored by counting the number of positively stained nuclei and expressed as a percentage of total tumor cells.
Fluorescence in situ hybridization analysis
Before FISH analysis, invasive tumors were examined on H&E-stained slides. FISH was subsequently performed on the confirmed tumor. FISH was performed using the PathVysion HER-2 DNA Probe Kit (Abbott Molecular, Abbott Park, IL, USA) according to the manufacturer's instructions. HER2 gene copy number on the slides was evaluated using an epifluorescence microscope (Olympus, Tokyo, Japan). At least 60 tumor cell nuclei in three separate regions were investigated for HER2 and chromosome 17 signals. HER2 gene amplification was determined according to the ASCO/CAP guidelines [15] . An absolute HER2 gene copy number lower than 4 or a HER2 gene/ chromosome 17 (chr17) copy number ratio (HER2/chr17 ratio) less than 1.8 was considered HER2-negative. An absolute HER2 copy number between 4 and 6 or a HER2/ chr17 ratio between 1.8 and 2.2 was considered HER2-equivocal. An absolute HER2 copy number greater than 6 or a HER2/chr17 ratio higher than 2.2 was considered HER2-positive.
Tumor phenotype classification
In this study, we classified breast cancer phenotypes according to the IHC results for ER, PR, HER2 and Ki-67 Table 3 . TNBC type had the highest histologic grade, tumor stage and Ki-67 LI (P < 0.001, P = 0.002 and P < 0.001, respectively). In addition, HER2 and TNBC types had higher incidences of tumor recurrence and patient death than other types (P < 0.001).
Expression of metabolism-related proteins according to tumor phenotype
The differential expression of metabolism-related proteins according to breast cancer phenotype is summarized in Table 4 . Tumor expression of Glut-1, MCT4 and LC3A was highest in TNBC and lowest in the luminal A type (P < 0.001). Stromal expression of CAIX and MCT4 and tumor expression of cytoplasmic p62 was highest in HER2 type and lowest in luminal A type (P = 0.032, P < 0.001 and P < 0.001, respectively). Tumor expression of CAIX and LC3B was highest in TNBC and lowest in luminal B type (P = 0.008 and P = 0.013, respectively). HER2 type showed the highest tumor and stromal ATP synthase expression (P = 0.027 and P < 0.001, respectively) and stromal glutaminase expression (P = 0.001), whereas luminal A type showed the lowest expression of those markers. Expression of stromal LC3A and tumor expression of nuclear p62 were highest in luminal A and lowest in TNBC (P < 0.001).
Correlation between metabolism-related proteins and clinicopathologic factors
The correlation between expression of metabolism-related proteins and clinicopathologic parameters is summarized in Table 5 . Tumor expression of Glut-1 was associated with higher histologic grade (P < 0.001), ER negativity (P < 0.001), higher T stage (P < 0.001) and higher Ki-67 LI (P < 0.001), whereas CAIX was associated with higher Ki-67 LI (P < 0.001). Stromal ATP synthase expression was associated with HER2 positivity (P < 0.001), and stromal glutaminase expression was associated with higher KI-67 LI (P = 0.021). Tumor expression of MCT4 was associated with higher histologic grade (P < 0.001), ER negativity (P < 0.001), PR negativity (P < 0.001), higher T stage (P < 0.001) and higher Ki-67 LI (P < 0.001).
Stromal expression of MCT4 was associated with higher histologic grade (P < 0.001), ER negativity (P < 0.001), PR negativity (P < 0.001), HER2 positivity (P < 0.001) and higher Ki-67 LI (P < 0.001). Tumor expression of LC3A was associated with higher histologic grade (P < 0.001), ER negativity (P < 0.001), PR negativity (P < 0.001), HER2 negativity (P < 0.001) and higher Ki-67 LI (P < 0.001). In contrast, stromal expression of LC3A was associated with ER positivity (P < 0.001), PR positivity (P < 0.001) and lower Ki-67 LI (P = 0.032). Tumor expression of cytoplasmic p62 was associated with HER2 positivity (P < 0.001), whereas nuclear p62 was associated with lower histologic grade (P < 0.001), ER positivity (P < 0.001), PR positivity (P < 0.001) and lower Ki-67 LI (P < 0.001). Correlation between tumor metabolic phenotype and clinicopathologic factors
The correlation between the metabolic phenotype of breast cancer and clinicopathologic parameters is summarized in Table 6 and Figure 1 . The metabolic phenotype was the Warburg type (n = 298, 40.3%), the null type (n = 326, 44.0%), the mixed type (n = 62, 8.4%) and the reverse Warburg type (n = 54, 7.3%). Histologic grade was highest in the mixed type and lowest in the null type (P < 0.001).
The mixed type had the highest percentage of ER and PR negativity, and the null type had the highest percentage of ER and PR positivity (P < 0.001). The Warburg type had the highest percentage of negative HER2 status (P = 0.006). The Warburg and mixed types comprised the highest percentage of TNBC, and the reverse Warburg and null types comprised the highest percentage of luminal A types (P < 0.001). Stromal expression of ATP synthase and glutaminase was high in the reverse Warburg and mixed types and low in the Warburg and null types (P < 0.001). For the status of tumor autophagy, the mixed type had the highest percentage of activated tumor autophagy and the null type had the highest percentage of nonactivated tumor autophagy (P < 0.001). For the status of stromal autophagy, the reverse Warburg and mixed types had a higher percentage of activation than other types (P < 0.001). Tumor expression of MCT4 was highest in the Warburg type and lowest in the null type (P < 0.001), whereas stromal expression of MCT4 was highest in the mixed type and lowest in the null type (P < 0.001). Ki-67 LI was highest in the mixed type and lowest in the null type (P < 0.001).
Impact of metabolism-related proteins on patient prognosis
The results of univariate analysis on the correlation between metabolism-related proteins and the clinicopathologic parameters of patients are summarized in Table 7 . Shorter disease-free survival (DFS) was associated with Glut-1 positivity (P = 0.010), BNIP3 negativity, tumor phenotype (HER2 and TNBC; P < 0.001) and tumor metabolic type (reverse Warburg type; P = 0.037) (Figure 2 ). Shorter overall survival (OS) was associated with Glut-1 positivity (P = 0.023), tumor phenotype (HER2 and TNBC; P < 0.001) and tumor metabolic type (mixed type; P = 0.045) (Figure 2 associated with shorter DFS were ER negativity (odds ratio (OR) = 2.7, 95% CI = 1.7 to 4.5; P < 0. Western blot analysis of metabolism-related proteins in tumor and stroma according to tumor phenotype
Western blot analysis was performed to investigate expression of metabolism-related proteins in tumor and stroma according to the tumor phenotype. The expression of Glut-1 and ATP synthase was higher in HER2 and TNBC types, and the expression was higher in tumor than in stroma (Figure 3 ). The expression of p62 was higher in tumor than stroma, regardless of the tumor phenotype.
Discussion
In the present study, we investigated the differential expression of metabolism-related markers according to the subtypes of breast cancer. Expression of glycolysis markers such as Glut-1, CAIX and MCT-4 was highest in TNBC, which is consistent with the results of previous studies showing higher expression of Glut-1 and CAIX in basal-like breast cancer [19] . The active metabolic status of a tumor can be inferred from common histologic features of TNBC, such as high-grade nuclei, highgrade prominent necrosis and increased mitotic activity [20] , and this was supported by the results of IHC in the present study. Tumor expression of Glut-1 was associated with higher histologic grade (P < 0.001), ER negativity (P < 0.001), higher T stage (P < 0.001), and higher Ki-67 LI (P < 0.001), whereas CAIX was associated with higher Ki-67 LI (P < 0.001). Tumor expression of MCT4 was associated with higher histologic grade (P < 0.001), ER negativity (P < 0.001), PR negativity (P < 0.001), higher T stage (P < 0.001) and higher Ki-67 LI (P < 0.001). In addition, expression of Glut-1, CAIX and MCT-4 was associated with factors reflecting higher metabolic status. In contrast, tumor expression of Glut-1, CAIX and MCT-4 was lowest in luminal A and B. Luminal type tumors tend to show a lower grade, lower mitotic index and less necrosis than the HER2 type or TNBC, suggesting nonactive metabolic status of the tumor, which was supported by the results of IHC. The expression of Glut-1, CAIX, BNIP3, MCT4, LC3A, LC3B and p62 was observed not only in tumor cells but also in stromal cells, which has not been thoroughly described in previous studies. The reverse Warburg effect theory suggests that tumor stroma, along with the tumor per se, plays a role in cancer metabolism [2] [3] [4] [5] . According to this theory, metabolism in stromal cells occurs through glycolysis due to dysfunctional mitochondria caused by increased autophagy, whereas metabolism of tumor cells occurs through OXPHOS in functional mitochondria. This contrasts with the conventional Warburg effect theory, which states that glycolysis is the major metabolic process in tumor cells. The major metabolic phenotypes in this study were the Warburg type (40.3%) and the null type (44.0%), according to the metabolic processes of tumor and stromal cells. We found that each metabolic phenotype investigated had different characteristics. The mixed type had higher histologic grade, ER negativity, PR negativity and higher Ki-67 LI, in contrast to the null type, which had lower This result is consistent with those of a former study on the reverse Warburg effect in which a luminal A breast cancer cell line, MCF-7, was used for in vitro study [6] . Thus, further in vitro studies should be carried out with various cell lines showing different molecular subtypes. We identified the expression of a mitochondrial metabolism-related protein such as ATP synthase and glutaminase in the tumor and stroma in the present study. Notably, stromal expression of ATP synthase and glutaminase was high in the reverse Warburg type and mixed type and low in the Warburg type and null type (P < 0.001). We speculate that stroma showing glycolysis have high mitochondrial metabolic activity, as both the reverse Warburg and mixed types are subtypes of the glycolysis type of stroma by definition. Because it has also been reported that certain types of tumor generate ATP through glycolysis as well as through mitochondrial OXPHOS, the hypothesis that dual types of stromal metabolism via the glycolysis pathway and the mitochondrial pathway should be investigated further.
The present study shows that the Warburg type and mixed type consisted of metabolically active and biologically aggressive tumors, whereas the reverse Warburg type and null type consisted of metabolically inactive and biologically nonaggressive tumors. This finding suggests that glycolysis of tumors significantly affects their metabolic and biological characteristics. The association of Glut-1 with shorter DFS and OS in univariate analysis supports this hypothesis. A potential limitation of this study is the use of TMA cores for analysis, which may not truly represent the whole tumor. Although it is a reasonable contention, given the well-known intrinsic heterogeneity of breast cancer, this limitation was overcome by using two 3-mm tissue cores because it was previously reported that TMA with two 0.6-mm cores were representative of standard full tissue sections in breast cancer [21] .
Among the breast cancer subtypes, TNBC comprised 28% of the total cases in this study, which is higher than the previously reported 12% to 24%. This difference can be attributed to possible differences in ethnic incidence, as reported previously, and to the overestimation of the true incidence potentially by the use of TMA containing part of the tumor, as we defined TNBC as all negative for ER, PR and HER2, which is similar to known phenomena of the discordance of ER, PR and HER2 expression between samples from core biopsy and excision [22] [23] [24] . Last, erroneous results of ER, PR and HER2 expression may affect the incidence, given that a 10% of false-negative rate and a 5% of false-positive rate were reported in ER expression, whereas a 4% of false-negative and false-positive cases were reported in HER2 [25] . Thus, cautious interpretation of the expression of those markers seems crucial, as misinterpretation of results may lead to the misclassification of the molecular subtypes. 
